We have used the neural crest as a model system to study the biology of mammalian neural stem cells (Anderson, 1997). Previously, we described a multipotent progenitor cell isolated from explant cultures of E10.5 rat neural tubes ( To address this question, we have used a battery including glia (Gage, 1998). Cells with these properties of neuronal subtype-specific markers to examine the have been isolated from multiple regions of the embrydifferentiation capacities of transplanted sNCSCs in onic and adult CNS, as well as from the neural crest vivo. We find that although sNCSCs engraft and differen-(Temple and Alvarez-Buylla, 1999; Gage, 2000). A great tiate to glia in all types of peripheral ganglia, they generdeal of interest has focused on the potential therapeutic ate neurons only in autonomic ganglia. Furthermore, applications of neural stem cells (Gage et al., 1995b) .
To address this question, we have used a battery including glia (Gage, 1998) . Cells with these properties of neuronal subtype-specific markers to examine the have been isolated from multiple regions of the embrydifferentiation capacities of transplanted sNCSCs in onic and adult CNS, as well as from the neural crest vivo. We find that although sNCSCs engraft and differen-(Temple and Alvarez-Buylla, 1999; Gage, 2000) . A great tiate to glia in all types of peripheral ganglia, they generdeal of interest has focused on the potential therapeutic ate neurons only in autonomic ganglia. Furthermore, applications of neural stem cells (Gage et al., 1995b) .
while such neurons correctly express markers of cholinSuch applications, however, require a better underergic differentiation in parasympathetic ganglia, they exstanding of the fundamental biological properties of hibit little or no noradrenergic differentiation in sympathese cells. In particular, a key issue is to clarify the thetic ganglia. Nevertheless, these cells can differentiate developmental capacities of neural stem cells, and the to noradrenergic as well as cholinergic neurons in vitro, extent to which such capacities are maintained through in response to BMP2. However, they are much less senmultiple self-renewing divisions (Morrison et al., 1997) .
sitive to BMP2 than are NCSCs from E10.5 neural tube explants. Unexpectedly, cholinergic neuronal differentiation by cultured sNCSCs was found to require a lower
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concentration of BMP2 than does noradrenergic neu- contain a minor subpopulation (ca. 1%) of restricted sensitivity to instructive neurogenic factors during norsensory neuron precursors (Greenwood et al., 1999) . mal development, while maintaining multipotency and sNCSCs engrafted into chick embryos with an effiself-renewal capacity. These changes can affect the ciency comparable to NCCs (84 versus 89%; Table 1 ). neuronal subtypes generated by these stem cells in difTo determine whether our injection protocol (see Experiferent embryonic microenvironments. Freshly sorted p75 ϩ P 0 Ϫ sciatic nerve-derived NCSCs were injected into stage 18 embryos and the embryos incubated for 3, 4, or 5 days. Embryos similarly injected with freshly isolated neural crest cells (NCCs) were incubated for 3 or 4 days. a Chimeras were scored as containing grafts if any rat cells were detected in sections. P 0 ϩ or c-erbB3 ϩ cells were most commonly detected, primarily in the peripheral nerves. b 5 sNCSC chimeras and 4 NCC chimeras were fixed immediately after grafting, sectioned, and processed for c-erbB3 mRNA in situ hybridization. Grafted cells were counted on 75% of sections, and the total number of injected cells per chimera was calculated.
sNCSCs, we first compared the phenotype, number, and zone, capsule, and occasionally associated with dorsal root sensory ganglia (DRG; Figure 2B , arrow), as well distribution of nonneuronal cells to that in NCC chimeras (Table 2) . Species-specific in situ hybridization for either as in peripheral nerve ( Figure 2F ). By grafting sNCSCs to hindlimb level somites, we could observe donor nonthe Schwann marker P 0 or c-erbB3 was used to assess nonneuronal fates. Comparison between sNCSC and neuronal cells in sympathetic ganglia (SG; Figure 2D , arrow), as well as in peripheral nerve. No statistically NCC chimeras revealed that, overall, the numbers of nonneuronal cells per section were similar regardless significant difference could be found in the extent of the nonneuronal contributions to these engraftment sites of which marker was used, and that the grafts extended through a similar region in the anterior-posterior axis by sNCSCs and NCCs ( Figure  2A , Table 3 ). Nevertheless, 21 of these 23 sNCSC chimeexclude the possibility that some cell death may have occurred as well).
ras contained grafts that colonized host sensory ganglia, as assessed by the presence of graft-derived nonneuGrafts of sNCSCs, like those of NCCs (White and Anderson, 1999), can be generally directed to specific neuronal (P 0 ϩ or c-erbB3 ϩ ) cells (Figure 2B, arrow and Table  2 ). Extending the incubation of sNCSC chimeras to stage ral crest differentiation sites by controlling the axial level of injection (Figure 1) . Thus, by grafting sNCSCs to fore-31 also did not yield SCG10 ϩ graft-derived neurons in the host DRG (Figure 2A, arrow and Table 3 , p ϭ .001). limb level somites of stage 18 embryos, we could observe donor nonneuronal cells in the dorsal root entry These data suggest that even though sNCSCs can asso- Table 3 ). sNCSCs also contributed neurons to host parasympathetic structures, but at a higher frequency than they did to sympathetic structures. One hundred percent of sNCSC chimeras grafted in the sacral level somites had donor-derived neurons in both the pelvic plexus and in Remak's ganglion ( Figures 1F and 2G , 2H, arrows; Table  3 ). Furthermore, sNCSCs contributed 2.5-fold more neurons to the pelvic plexus than to the sympathetic ganglia (Table 3) . Nevertheless, the number of neurons per section in the pelvic plexii of sNCSC grafts was still lower than in NCC grafts, by almost an order of magnitude (Figures 3A, 3E ; Table 3 ). Thus, the extent of autonomic neurogenesis obtained with grafted rat neural crest-derived cells depends both on the source of the cells, and on the site of engraftment.
SNCSC-Derived Neurons Preferentially Express a Parasympathetic Phenotype
We next characterized the neuronal subtypes generated from sNCSCs in different autonomic ganglia, using a battery of specific markers (Table 4) . In order to quantitatively compare the expression of such markers between sNCSC and NCC grafts, we normalized the number of cells per section expressing a given subtype marker to the number of SCG10 ϩ neurons on an adjacent section. The marker phenotype VAChT/ChAT ϩ , GATA-2 ϩ , TH Ϫ distinguishes cholinergic parasympathetic neurons of In sNCSC grafts, the frequency of GATA-2 ϩ cells was Figure 4C , used in these experiments. Nevertheless, the half-maximal response to BMP2 by sNCSCs was similar in each arrow). Thus, in comparison to NCCs, sNCSC-derived neurons more readily express the full profile of neuron preparation, suggesting that even in relatively pure populations of sNCSCs, neurogenic responsiveness to subtype-specific markers in parasympathetic than in sympathetic ganglia, although they do express some BMP2 is significantly reduced in individual cells relative to mNCSCs. pan-autonomic markers in the latter location (e.g., Phox2a [Morrison et al., 1999] Shah et al., 1996) and are required for syminduction by BMP2 in this experiment was similar to that of freshly isolated sNCSCs ( Figure 5A , "ϩ's"), sugpathetic differentiation (Schneider et al., 1999 ). Therefore, one explanation for the apparently reduced extent gesting that the decreased BMP2 responsiveness relative to mNCSCs is not likely to be an artifact of the cell of autonomic neuronal differentiation by sNCSCs in vivo ( Table 2 ) might be that these cells are less sensitive to isolation method. Taken together, these data show that individual freshly isolated sNCSCs are significantly less the Type 2 BMP receptor (BMPR2), and SMAD1. No significant differences between sNCSCs and mNCSCs sensitive to BMP2 than are mNCSCs. This decreased sensitivity correlates with their reduced neurogenic cain the level of expression of BMPR2 or SMAD1 mRNAs were detectable by this assay. However, the levels of pability in vivo.
BMPR1 mRNA in sNCSCs freshly isolated from E14.5 sciatic nerve were significantly lower than in mNCSCs Expression of BMP2 Signaling Molecules isolated from E10.5 neural tube explants (35%-40%; p Ͻ in sNCSCs .018 by 2-tailed Student's t test), when normalized to One obvious explanation for the decreased sensitivity actin, consistent with the lower sensitivity of sNCSCs of sNCSCs to BMP2 is that they express lower levels of to BMP2. A similar difference, although of lesser magni-BMP receptors or other components of the BMP signal tude (20%-25%), was also observed when the data were transduction pathway. To investigate this possibility, we normalized to GAPDH. However, no difference between used RT-PCR to measure the relative levels of expressNCSCs and mNCSCs was observed when the levels of BMPR1 mRNA expression were normalized to HPRT. sion of mRNAs for the Type 1 BMP receptor (BMPR1), (Figures 6D-6F from earlier embryos. Unexpectedly, cholinergic differdue to reduced grafting efficiency by sNCSCs, because comparable numbers of nonneuronal cells engrafted in entiation by sNCSCs occurred at a lower concentration of BMP2 than did noradrenergic differentiation. Taken autonomic ganglia of sNCSC and NCC chimeras. Rather, the data suggest that sNCSCs, which engraft in periphtogether, these in vitro data can explain why sNCSCs predominantly generate cholinergic parasympathetic eral autonomic ganglia, are less likely to differentiate to neurons, and more likely to differentiate to glia, than are neurons when transplanted in vivo, and suggest that the choice between parasympathetic and sympathetic fates NCCs. Our in vitro studies of sNCSCs suggest a plausible may be determined, at least in part, by both local BMP2 concentrations and the sensitivity of progenitor cells to cellular explanation for their reduced autonomic neuro-BMP2.
Induction of Noradrenergic Differentiation
genic capacity in vivo. On a clonal basis, sNCSCs are 10-fold less responsive to the neuronal differentiationinducing activity of BMP2, compared to mNCSCs deThe Autonomic Neurogenic Capacity of NCSCs rived from the E10.5 neural tube explants. In the presfrom Different Sources Is Reflected in Their ence of a saturating dose of BMP2 (50 ng/ml), however, Sensitivity to BMP2 most cells from both populations initiated autonomic The principal aim of this study was to examine in detail neuronal differentiation, as measured by Mash-1 inducthe differentiation capacities of prospectively isolated tion. Taken together, these data suggest that the desNCSCs transplanted in vivo. sNCSCs were 2-3-fold creased neurogenic activity of the sNCSCs population less likely than NCCs to differentiate to neurons in symin vivo is likely to reflect the decreased sensitivity of pathetic ganglia, and over 10-fold less likely to differentisNCSCs to BMP2. Such a conclusion is further supate to neurons in the parasympathetic pelvic plexus. This difference in autonomic neurogenic capacity is not ported by evidence that BMP2 is important for auto- . tion, and because sNCSCs are also derived from the Such an explanation begs the question of whether the trunk neural crest, a lineage relationship between these difference in the BMP2 sensitivity of E10.5 mNCSCs and cells is likely to exist. Nevertheless, we cannot formally E14.5 sNCSCs reflects selection or rather conversion.
exclude that sNCSCs derive from a subpopulation of In the former case, the mNCSC population might contain multipotent precursors present among NCCs, but not a subpopulation of sNCSC-like cells that are less sensidetectable by our in vitro clonogenic assays. tive to BMP2. The decreased BMP2 sensitivity of the The molecular basis for the difference in BMP2 sensi-E14.5 sNCSC population might then reflect the selective tivity between sNCSCs and mNCSCs is not yet clear. survival or expansion of this subpopulation, rather than An obvious explanation is a reduced expression, in a time-dependent change in the sensitivity of mNCSCs sNCSCs, of one or more components of the BMP2 sigto BMP2. However, we observed no evidence of a disnaling pathway. Semi-quantitative RT-PCR measuretinct subset of mNCSCs that responded poorly to low ments provide suggestive correlative evidence that concentrations of BMP2 in the clonal Mash1 induction BMPR1 mRNA may be expressed at a slightly lower assays, as indicated by the lack of a biphasic doselevel in sNCSCs than in mNCSCs, although the extent response curve in Figure 5A . This argues that the of the difference varies with the normalization standard mNCSCs used in the BMP2 induction assays respond employed for reasons that are not clear. Given this varias a homogenous population to the growth factor. Such ability, and the small magnitude of the difference (1.5-homogeneity would favor developmental conversion, fold at best), it seems unlikely that a decrease in BMP rather than selection, as an explanation for the reduced receptor gene expression is sufficient to account for BMP2-responsiveness of sNCSCs. We have not directly the lower BMP2 sensitivity of sNCSCs. More extensive demonstrated a lineal relationship between mNCSCs correlative, as well as functional, studies of both positive and sNCSCs, however. Nevertheless, because mNCSCs and negative regulators of BMP signaling and neurogenconstitute most if not all of the multipotent precursors detectable in the migrating trunk neural crest populaesis expressed in sNCSCs will be required to understand the observed changes in the functional properties of the selection against a subpopulation of committed sensory precursors present in the former population (Greenwood  cells. et al., 1999), although restriction to an autonomic lineage is also possible. In any case, the qualitative and quantitative differences in autonomic neuronal differentiation sNCSCs and Sensory Neurogenesis sNCSCs did not detectably differentiate to neurons in that we observe between NCCs and sNCSCs most likely reflect a time-dependent decrease in the BMP2-sensidorsal root sensory ganglia, in contrast to the transplanted E10.5 NCC population. This difference could tivity of NCSCs. reflect an inability of sNCSCs to "read out" a sensory fate in our in vivo assay, for example due to a cross- 
